This is an earlier view of the accepted manuscript for the article "Fish fins as nonlethal surrogates for muscle tissues in freshwater food web studies using stable isotopes". The final publication is available at http://onlinelibrary.wiley.com/doi/10.1002/rcm.6265/abstract. RATIONALE: Dorsal white muscle is the standard tissue analysed in fish trophic studies using stable isotope analyses. However, sampling white muscle often implies the sacrifice of fish. Thus, we examined whether the non-lethal sampling of fin tissue can substitute muscle sampling in food web studies. Correlations between fin and muscle isotope ratios were examined for all fish together and specifically for 12 species. We further proposed four methods of assessing muscle from fin isotope ratios and estimated the errors made using these muscle surrogates. 
Fish fins as non-lethal surrogates for muscle tissues in freshwater food

METHODS:
RESULTS:
Introduction:
Stable isotope analyses (SIA) of nitrogen (N) and carbon (C) are now commonly used in fish feeding ecology. Since the recommendations of Pinnegar and Polunin, [1] dorsal white muscle is the standard tissue used in fish trophic study. However, the sample mass required for SIA (ca. 0.5 mg of dried mass for one analysis) often corresponds to an appreciable amount of the whole body mass. Thus, sampling white muscle generally implies fish sacrificing, apart from larger fish species for which muscle biopsy is conceivable. [2] Obviously, this destructive sampling should be discarded to avoid adverse effect on the conservation status of any fish species, especially of threatened ones. In addition, there are epistemological reasons, to limit the impact of sampling on the population under study.
[3] For example, in the case of temporal monitoring, it could be necessary to avoid fish mortality to limit experimental bias particularly for small populations and ecosystems.
To our knowledge, the four potential non-lethal sampling methods for fish consist in sampling blood, [4] [5] [6] mucus, [7] scales, [8] [9] [10] [11] or fins. [3, 5, 8] Given that turnover rates in blood and mucus are generally faster than in muscle, [5] [6] [7] 12] they do not seem to be the ideal tissue to serve as a proxy for white muscle. Scales are also problematic, because some fish species [13] do not have scale or only have a small number of scales, which prevents performing SIA. Currently, the use of fin tissue in fish trophic studies is increasing rapidly (e.g. [14, 15] for recent studies). Fins are known to regenerate completely within 1-2 months after sampling. [16] [17] [18] However, researchers need to know how fin tissues compare in isotope values with white muscle, before substituting them. [8] Because fin and muscle isotope ratios are generally congruent for some temperate [2, 17, 19, 20] and tropical [3] fish, Kelly et al. [8] posit that similar fin/muscle relationships should exist for other fish species but recommend comparing the tissues before extrapolating.
To date, fin/muscle isotope values relationships for freshwater fish mainly concern North American species and specially focus on salmonids. A recent study [3] developed such relationships for Australian tropical fish, but no fin/muscle relationships are available for European freshwater fish species, except for brown trout (Salmo trutta). [21] To fill this gap, we develop N and C specific relationships for 12 European non-salmonid species. In addition, two general relationships for N and C are established mixing data from 14 European species. Finally, we propose to correct fin isotope values using these relationships or the models obtain for Australian tropical fish [3] and discuss how these four different methods of correction affect the error on isotope value assessment.
Material and Methods:
Sampling Following Jardine et al. For each species, individuals of similar size were preferentially selected (see Table   1 ), to avoid confounding effects of size on the relationships. All fish were killed by severing the spinal cord in accordance with recent ethical standards. [22] All individuals were stored on ice and frozen at the laboratory the day of sampling. White muscle was dissected above the lateral line and was boned using a binocular. Fin tissues were removed from different fins, depending on species and the mass required for SIA (see Table 1 ) as there is no reason to suspect confounding effect on the results.
[3] All samples were rinsed with distilled water and kept frozen until further handling.
Stable Isotope Analysis
Tissues were freeze-dried (-80 °C, 24h), ground to powder and weighed precisely (300 ± 10 µg for muscle and 500 ± 10 µg for fin) in tin capsules. [23] three international reference materials (IAEA N1, N2 and CH-7, International Atomic Energy Agency, Vienna, Austria) were analysed at the beginning and at the end of the sequence for linear normalisation. One internal reference (fish muscle) was analysed every six samples in order to compensate for possible machine drift and as a quality control measure. Linearity correction was carried out to account for differences in peak amplitudes between sample and reference gases (N 2 or CO 2 ).
Resulting isotope ratios R (i.e., and muscle tissue were quite similar and <4, indicating low-lipid content [24, 25] (Table   1) .
Statistical analysis
Overall, 1 15 N and 1
13
C values of fin and muscle were available for 466 fish (14 species). First, because of data non-normality (Shapiro -Wilk test) we carried out two paired Wilcoxon tests, to determine whether fin and muscle isotope ratios were significantly different. Then, 50 fish (14 species, ca. 10% of the total of each species, see Table 1 ) were randomly chosen and kept for fin/muscle relationships validation.
With the 416 remaining fish (12 species), we constructed 26 linear models between muscle and fin isotope ratios for both N and C isotopes, first separately for each species (specific models) and then for all fish combined (general models). Linear models were tested a priori because existing relationships for other species showed strong linear correlations. [2, 3, 8] To investigate the robustness of our models, we compared the model residuals with the ones obtained with the validation dataset, using t-tests, after checking for normality (Shapiro-Wilk test) and for variance homogeneity (Bartlett test).
The suitability of the models, to calculate muscle isotope ratios from fin isotope ratios for both N and C, was assessed using the validation dataset. Four different methods were considered to obtain muscle isotope ratios from fin isotope ratios and the absolute differences between estimated and measured muscle isotope values were calculated for each fish individual. With the first method, muscle isotope values were directly assessed by fin isotope values, and the corresponding differences constituted errors E (14 species are concerned). With the second method, fin isotope ratios were transformed into estimates of muscle isotope ratios, using the specific linear models and we called the corresponding differences errors ES (12 species). In the third method, absolute differences constituted errors EG (14 species), because muscle isotope values were evaluated from fin isotope values, using the general linear models. The last method used the models developed in Jardine et al. [3] for all fish (see Table 2 ), to estimate muscle isotope values from fin ones. In this case, the absolute differences were called errors EJ. Then, the different errors (E, ES, EG and EJ) were compared with Kruskal-Wallis and pairwise Wilcoxon rank sum tests, after checking the data for non-normality (Shapiro -Wilk test). For each concerned species, we calculated the arithmetic mean of each error (E, ES, EG or EJ) and placed it in the context of analytical error to give some correction guidelines to future workers using fin as a proxy of dorsal white muscle.
Results and Discussion:
The differences between muscle and fin isotope ratios for N and C are highly Despite these differences, we find very strong correlations between muscle and fin isotope ratios (e.g. see Figure 2a and Figure 2b for the general models), as expected by Kelly et al. [8] . Except for two species (Blicca bjoerkna and Rhodeus amarus), all specific linear models are highly significant (p-value <0.001) with a very high R²-coefficient (> 0.9 for half the relationships, Table 2 ). Similar relationships have been observed for North American species, [8, 26] salmonids [2, 17] and recently for Australian tropical fish.
[3] However, we generally find stronger correlations than these studies, especially for 1 15 N isotope ratios. Concerning Blicca bjoerkna and Rhodeus amarus, the number of sampling sites is reduced (Table 1) , inducing a small range in isotopic values (between 2 ‰ for Blicca bjoerkna and 2.8 ‰ for Rhodeus amarus), which could explain why fin and muscle values are less well correlated. The general models are also highly significant (p-value <0.001) and are in accordance with the general models of the study on Australian tropical fish [3] (see Table 2 ). However, like the specific models, we found a stronger correlation for 1 Figure 2a) . Given that the range of isotopic values (ca. 15‰), covered by the selected fish, is typical of natural variation in stream food webs, [3] we infer that the differences between the two tissues are independent of the fish trophic position (partly reflected by 1
15
N values) and are more probably due to structural differences in terms of amino acids composition, as reported for other tissues.
[1] On the contrary, slopes of the C-models are significantly different from one for six specific models and for the general relationship (Figure 2b ).
For C, the range of isotopic values (ca 12‰) only covered half the typical natural variation in stream food webs, [3] but within this range it seems that fin-muscle isotope ratio differences increase with 1
13
C isotope ratio, suggesting a potential fractionation difference among the two tissues for more 13 C-enriched diet. Usually, the hypothesis of higher lipid content in muscle tissue relative to fin tissue is advanced to explain a 13 C-depletion in muscle tissue.
[1] However, this cannot apply here because C:N ratios of muscle and fin tissue suggest that lipid content are very similar in both tissue (see Table 1 ). On the other hand, EJ is greater than E for 1 15 N isotope ratio (1.4‰, on average) and smaller than E for 1 13 C isotope ratio (0.8‰, on average). In addition, using corrected values generally reduced the maximum error (Figure 3a and 3b) , except for the nitrogen correction proposed in Jardine et al. [3] . Thus, either specific or general models provide relevant corrections, reducing significantly the errors made using fin instead of muscle isotope ratios. On the contrary, models developed for Australian tropical fish [3] are not appropriate to provide a meaningful correction for our 14
European fish species. Corrections of fin 1 15 N isotope ratio and 1
C isotope ratio based on specific models generally give better estimates of muscle isotope ratios than general models. However, this improvement is not significant (cf. pairwise
Wilcoxon tests, p-value >0.2). Moreover, general models offer the advantage to propose a general acceptable correction for all species, including potential species not considered for building the models. For instance, E and EG were also calculated for two species (Abramis Brama and Sander lucioperca) that were not used in our models (because only represented by one individual) and we found similar results, with EG always lower than 0.5‰ (Figure 3a and Figure 3b C isotope ratios due to the use of corrected fin values instead of muscle isotope ratios remain quite substantial in comparison to analytical precision (more than two folds higher). However, these biases should be negligible for most trophic studies.
[3] For example, using corrected fin 1
15
N isotope ratios generates an additional error of less than 0.2 trophic levels in the calculation of food chain length (FCL, a typical food web metric). This is similar to the error coming from fractionation variation, commonly accepted in most food web studies and estimated at 0.2 trophic levels. [27] Besides, in mixing models, corrected fin 1
13
C values introduce a bias of 0.6‰, resulting in an error of 12% for a two-source mixing model having a common difference of 5‰ between end-members (error = 100
C em2 | [25] ). These errors are not substantial but could be of ecological importance, depending on the context. In such a case (e.g. to detect extremely subtle differences in 1
15
N values), the choice of a correction based on specific models could be valuable, but would not improve the accuracy of the results as substantially as the use of muscle tissue.
Conclusion:
Previous studies have recommended establishing relationships between fin/muscle isotope ratios every year [28] and for each species.
[8] However, recent results [17] show similarity across years, implying less of a need to examine the relationship annually.
In this study, we develop two general models, which provide meaningful correction for 14 species commonly living in Europe, suggesting that specific models are not mandatory. Nevertheless, general models developed for Australian tropical fish only provide poor estimations of muscle isotope values for these European species. Thus, the possibility to establish global models is certainly reduced. Nevertheless, the development of regional models can still be relevant. For example, our two general models could constitute the basis of future regional models for all European freshwater fish. For this, further validation would be welcome, especially to increase the number of concerned species and to cover a wider area of Europe. In the meantime, the models, developed in this study, already provide a first correction for European freshwater fish species. Thus, future fish feeding studies in Europe should use these models, which provide estimates of muscle isotope ratios from fin ones, and thereby which avoid the destructive sampling of muscle tissues.
[1] All fish Jardine et al. 
